To characterize the effects of several subtherapeutic antibiotic combinations on the abundance and diversity of fecal microbes, 400 weaned pigs were selected and randomly assigned to 8 groups, where they were continuously fed different antibiotic combinations for 28 days. Then, a total of 48 pigs were randomly selected to individually collect the feces for DNA extraction and 16S rRNA high-throughput sequencing. Compared with the pigs without antibiotic administration, the diversities of fecal microbes were decreased in the pigs fed chlortetracycline (CTC), olaquindox (OLA) and enramycin (ER)/ virginiamycin (VIR), where the relative abundance of the phymum Bacteroidetes and the genus Prevotella were increased. Compared with the pigs without antibiotic administration, the relative abundance of the phymum Proteobacteria and the genus Succinivibrio were decreased in the pigs fed CTC, zinc bacitracin (ZB) and colistin sulphate (CT), a mixture of CTC, ZB and CT, CTC and OLA, or a mixture of CTC, OLA and ER. Alpha-diversity and β-diversity were decreased (P < 0.05) in the pigs fed ZB and CT, or a mixture of CTC, OLA and ER/VIR. This study provides experimental data to deepen our understanding on the effects of antibiotic combinations on intestinal microbes. 
Abstract:
To characterize the effects of several subtherapeutic antibiotic combinations on the abundance and diversity of fecal microbes, 400 weaned pigs were selected and randomly assigned to 8 groups, where they were continuously fed different antibiotic combinations for 28 days. Then, a total of 48 pigs were randomly selected to individually collect the feces for DNA extraction and 16S rRNA high-throughput sequencing. Compared with the pigs without antibiotic administration, the diversities of fecal microbes were decreased in the pigs fed chlortetracycline (CTC), olaquindox (OLA) and enramycin (ER)/ virginiamycin (VIR), where the relative abundance of the phymum Bacteroidetes and the genus Prevotella were increased. Compared with D r a f t
Introduction
The use of subtherapeutic antibiotic in-feed has been reported to increase growth rates and feed efficiency of pigs (Cromwell 2002; van der Fels-Klerx et al. 2011 ).
However, in-feed antibiotics have worsen the already alarming scenario of antibiotic resistance (Ahmed et al. 2014) . In pig production, antibiotic combinations are typically used in-feed as antibiotic growth promoters (AGPs) (Cromwell 2002) in some countries, although in parts of the world the procedure of using antimicrobials for growth promotion is banned. However, the impact of in-feed antibiotic combinations on the relative abundance and diversity of intestinal microbiota in pigs has not been well studied.
There are several antimicrobial agents permitted for use in pig production in China, such as chlortetracycline (CTC), zinc bacitracin (ZB), colistin sulphate (CT), olaquindox (OLA), enramycin (ER), and virginiamycin (VIR). CTC belongs to the tetracycline class, which are broad-spectrum agents, exhibiting antibacterial activity against bacteria, mycoplasmas, chlamydiae, and protozoan parasites (Chopra and Roberts 2001) . ZB, a water-soluble and non-toxic antibiotic, is active chiefly against gram-positive bacteria, such as streptococcal and staphylococcal infections (Johnson et al. 1945) . In chickens, ZB in the diet significantly reduced the number of coliform bacteria in the ileum (Engberg et al. 2000) and the abundance of lactobacilli in the caeca (Gong et al. 2008) . COL is active chiefly against gram-negative organisms by alteration of permeability of membrane (Nakajima and Kawamata 1965) . Until now OLA, a member of quinoxaline-1,4-dioxides derivatives with antibacterial activity D r a f t 4 against bacteria and toxicity, is still used in China for promoting pig growth (Chen et al. 2009 ). ER has antibacterial activity against gram-positive bacteria (Kawakami et al. 1971) . VIR may reduce the concentration of gram-positive bacteria and increase the apparent ileal digestibility of amino acid in pigs (Stewart et al. 2010) . As an alternative to antibiotics, Macleaya cordata extract contains considerable amounts of sanguinarine, chelerythrine, dihydrochelerythrine, dihydrosanguinarine, allocryptopine, and protopine, which have broad antimicrobial activity as well as antiinflammatory properties (Kosina et al. 2010 ).
In the mammalian gastrointestinal tract, a large and diverse microbial population plays a major role in health and nutrient digestion (Kim et al. 2012; Yatsunenko et al. 2012) . Previous studies showed that tylosin and CTC altered the gut microbial community of pigs (Kim et al. 2012; Rettedal et al. 2009 ). Nevertheless, Castillo et al. (2006) reported that the types of feed additives had little impact on bacteria counts in gastrointestinal tracts but changed the community structure. A mixture of CTC, sulfamethazine, and penicillin (APS250) decreased the relative abundance of Bacteroidetes (Looft et al. 2012) . However, administration of carbodox increases the relative abundance of genus Roseburia, Prevotella, and Fecalibacterium (Looft et al. 2014b ).
We hypothesized that antibiotics can differentially affect the intestinal microflora of pigs because of their different antimicrobial mechanisms. The objective of this study was to investigate effects of in-feed antibiotic combinations on the abundance and diversity of fecal microbes in weaned pigs. In the present study, we sequenced the D r a f t 5 V3-V4 regions of 16S rRNA genes in the Bacteria/Archaea to investigate the impacts of antibiotic combinations on pig fecal microbiota using Illumina HiSeq 2500 sequencer.
Materials and Methods

Pigs and fecal collection
The present study was reviewed and approved by animal use committee of Nanjing Agricultural University. The present study was carried out from October to November in 2014 at Yong-kang Agricultural and Animal Husbandry Co., Ltd. in Jiangsu Province, China (31.74ºN).
Four hundred 35-day-old weaned pigs (Duroc × Landrace × Large White, body weight 12.1±0.3 kg) were selected and randomly assigned to eight treatments: (Table 1 ). There were three replicates (pens) in each treatment and 16-17 pigs per pen.
All the experimental pigs were raised in the same room. Each pen (1.7 × 3.5 m) was equipped with a feeder (1.2 m long) and two nipple drinkers to allow ad libitum access to feed and water. After 28 days of continuous antibiotics administration, a total of 48 pigs (two pigs per pen, 1 barrow and 1 female) were randomly selected to individually collect the fresh feces into 2 mL centrifugal tubes and stored at -20°C until DNA extraction.
DNA extraction and high-throughput sequencing
Microbial genomic DNA extraction was performed using a bead-beating and CTAB (cetyltrimethyl ammonium bromide) method referring to our previous study (Li et al. 2016) . The concentration of extracted genomic DNA was measured using a D r a f t 6 spectrophotometer (NanoDrop 2000, Thermo, Waltham, MA, USA).
Based on previous studies (Caporaso et al. 2011; Kim et al. 2012; Youssef et al. 2009 ), the V3-V4 hypervariable regions of the 16S rRNA gene were amplified and then sequenced, the broadly conserved primer 314F (CCT AYG GGR BGC ASC AG) and 806R (GGA CTA CNN GGG TAT CTA AT) targeting the Bacteria and Archaea 16S V3-V4 regions were selected for the microbial community structure analysis (Caporaso et al. 2011) . The PCR amplifications of the 16S rRNA gene were performed in a total volume of 50 µL containing 25 µL rTaq DNA polymerase (Takara Biotech, Co., Ltd., Dalian, China), 1.0 µM of each primer, 120 ng template DNA. The thermal cycling conditions were as follows: 95 °C for 5 min, 35 cycles of 95 °C for 30 s, temperatures of annealing for 30 s, and 72°C for 45 s, followed by 72 °C for 7 min.
All PCR reactions were carried out using Phusion High-Fidelity PCR Master Mix (New England Biolabs). Mix same volume of 1× loading buffer (contained SYB green) with PCR products and operate electrophoresis on 2% agarose gel for detection.
Samples with bright main strip between 400-450bp were chosen for further experiments. Only PCR products without primer dimers and contaminant bands were used for the high-throughput sequencing. Barcoded V3-V4 Amplicons were sequenced using the Illumina HiSeq platform (Illimina, USA) at Novogene Institute (Beijing, China) according to the manufacturer's instructions.
Based on their unique barcode, paired-end reads were assigned to samples, truncated by cutting off the barcode and primer sequence, and merged using FLASH software (V1.2.7). According to the QIIME (V1.7.0) quality controlled process, D r a f t 7 quality filtering on the raw tags were performed to obtain the clean tags. The tags were compared with the reference database Gold using UCHIME algorithm to detect and remove chimera sequences. Then the Effective Tags finally obtained. Sequences analysis were completed using Uparse. Sequences with ≥ 97% similarity were assigned to the same OTUs. For each OUT, representative sequence was screened for further annotation. The taxonomic information of each representative sequence was annotated using the GreenGene Database based on RDP classifier algorithm. In order to study phylogenetic relationship between OTUs and dominant species in different samples or groups, multiple sequence alignments were conducted using the MUSCLE software. Abundance information of OTU was normalized using a standard of sequence number corresponding to the sample with the least sequences. Subsequent analysis of alpha diversity and beta diversity were all performed basing on this output normalized data using QIIME and displayed with R software. Cluster analysis was preceded by principal component analysis (PCA), which was used to reduce the dimension of the original variables using the FactoMineR package and ggplot2 package in R software. Principal Coordinate Analysis (PCoA) was performed to get principal coordinates and visualize from complex, multidimensional data. A distance matrix of weighted or unweighted unifrac among samples obtained before was transformed to a new set of orthogonal axes, by which the maximum variation factor is demonstrated by the first principal coordinate, the second maximum one by the second principal coordinate, and so on. PCoA analysis was displayed by WGCNA package, stat packages and ggplot2 package in R software. Unweighted Pair-group
Method with Arithmetic Means (UPGMA) Clustering was performed as a type of hierarchical clustering method to interpret the distance matrix using average linkage and was conducted by QIIME software.
Results
Sequence analysis
A total of 3,861,058 raw reads were obtained from the Illumina HiSeq sequencing. Following quality control to remove chimera, 2,535,291 high quality sequences with an average length of 414 bp were remained (Table S1 ). The average number of sequences per sample was 52,819. Fig. S1 shows the rarefaction curves of treatments of antibiotic combinations that indicate a high level of microbial diversity.
Based on 97% species similarity, the superior quality sequences were clustered into operational taxonomic units (OTUs) using the de novo method. The removal of low abundance OTUs (< 0.005%) yielded a total of 1166 OTUs for analysis. Good's coverage of all samples was ≥ 99.7% (Table S2 ).
Microbial abundance of the pig fecal microbiota
At the phylum level, the 10 most relatively abundant bacterial phyla were Firmicutes, Bacteroidetes, Proteobacteria, Euryarchaeota, Spirochaetes, Tenericutes, Cyanobacteria, Actinobacteria, Elusimicrobia, and Fibrobacteres (Table S3) .
Firmicutes and Bacteroidetes dominated, accounting for 54.2% and 40.4% of sequences, respectively. Only 1.2% of sequences could not be classified at the phylum level. Compared to the group without antibiotics, the relative abundances of Firmicutes were increased (P < 0.05) in the groups fed with CTC, or a mixture of ZB D r a f t 9 and CT, and decreased (P < 0.05) in the group fed with a mixture of CTC, OLA and VIR. The relative abundances of Bacteroidetes were increased (P < 0.01) in the groups fed with a mixture of CTC, OLA and ER, and a mixture of CTC, OLA and VIR, and the relative abundances of Proteobacteria were decreased in the groups fed with CTC (P < 0.05), a mixture of ZB and COL (P < 0.01), a mixture of CTC, ZB and COL (P < 0.05), a mixture of CTC and OLA (P < 0.05), and a mixture of CTC, OLA and ER (P < 0.01) (Fig. 1a and The sequences were assigned into 118 different genera, with an average of 43.3% of sequences being unclassified at the genus level. Compared to the control group, the relative abundances of Prevotella increased (P < 0.01) in the groups fed with a mixture of CTC, OLA and ER, and a mixture of CTC, OLA and VIR. Compare with the control group, the relative abundances of Succinivibrio were decreased in the groups fed with CTC (P < 0.05), a mixture of ZB and COL (P < 0.01), a mixture of CTC, ZB and COL (P < 0.05), a mixture of CTC and OLA (P < 0.05), and a mixture of CTC, OLA and ER (P < 0.05). The relative abundance of Faecalibacterium was less (P < 0.01) in the group fed with a mixture of CTC, OLA and ER than in the D r a f t 10 control group (Fig. 1b and Table 3 ).
The distribution of predominant bacterial OTUs in which the relative abundance was over 1% is shown in Fig. S2 and the OTU Taxonomy is shown in Table S4 .
Among the 1,168 OTUs identified in the present study, 62 OTUs were significantly (P < 0.01) affected by antibiotic combinations (Fig. S3) . Among them, 23 and 35 OTUs belong to Bacteroidetes and Firmicutes, respectively. Two OTUs belong to Actinobacteria and two belong to Proteobacteria. In the group fed with CTC, 8 OTUs (7 OTUs belong to Firmicutes) had the highest (P < 0.01) normalized relative abundance (NRA), but no OTUs had the lowest NRA among 8 treatments. In the group fed with a mixture of CTC, ZB and CT, 15 OTUs had the lowest (P < 0.01) NRA, only one OTUs had the highest (P < 0.01) NRA. In the groups fed with a mixture of CTC, OLA and ER, and a mixture of CTC, OLACOV, 7 and 9 OTUs that belong to Bacteroidetes had the highest (P < 0.01) NRA, 8 and 12 OTUs that belong to Firmicutes had the lowest (P < 0.01) NRA, respectively.
Microbial diversity of the pig fecal microbiota
Alpha-diversity was used in microbial diversity analysis within-community. The overall average Chao1 of all samples, a nonparametric estimator of species richness, was 641.85 ± 5.97 (SEM). The Chao1 was less (P < 0.05) in the groups fed with a mixture of ZB and CT, a mixture of CTC, OLA and ER, and a mixture of CTC, OLA and VIR than in the control group (Table 4 Weighted UniFrac distances were used to as β-diversity and to compare the eight treatments. The weighted UniFrac distances were less in the groups fed with a mixture of ZB and COL (P < 0.001), a mixture of CTC, OLA and ER, and a mixture of CTC, OLA and VIR (P < 0.01) than in the control group (Fig. 2a) . The principal coordinates analysis (PCoA) plot of the weighted UniFrac distances (PC1=43.33%, PC2=15.62) suggested there was a greater clustering in the groups fed with a mixture of ZB and CT, a mixture of CTC, OLA and ER, and a mixture of CTC, OLA and VIR (Fig. 2b ).
Discussion
The pig gut microbiota is comprised of a large number of diverse microorganisms, such as Bacteria, fungi, Protozoa, viruses and Archaea, which contribute to the animal health (Lamendella et al. 2011; Sommer and Bäckhed 2013) .
The structure of the gut microbiota depends on some factors, such as diet, age, genetics, and in some cases antimicrobial exposure ( In the previous study, Allen et al. (2013) found that combination of CTC, sulfamethazine and penicillin altered the fecal bacterial microbiota and bacteriophage community in the feces of pigs. For example, the relative abundance of genera Coprococcus, Succinivibrio, Streptococcus, Treponema, and Turicibacter was decreased. After continuous subtherapeutic levels of in-feed CTC administration, the relative abundance of Bacteria at 3 weeks of age, the genus Lactobacillus at 6 weeks of age and the phylum Firmicutes at 19 weeks of age were decreased (Holman and Chenier 2014), while the relative abundance of phylum Firmicutes was increased and Proteobacteria was decreased at 9 weeks of age in the present study.
In addition, Holman and Chenier (2014) found that in-feed tylosin increased the relative abundance of genera Coprococcus (3 to 9 weeks of age) and Streptococcus (6 weeks of age), and decreased Fibrobacteres (3 weeks of age), Bacteroidetes (9 weeks of age), Succinivibrio (9 weeks of age). However, Kim et al. (2012) showed that tylosin (44 mg kg -1 feed) administration decreased the relative abundance of the genera Prevotella, Megasphaera, Blautia, Sarcina but increased Lactobacillus, Sporacetigenium, Acetanaerobacterium, and Eggerthella. The results of these two studies are lacking good consistency, which suggests that continuous subtherapeutic antibiotic administration is not the determinant of intestinal microflora diversity.
In China, CTC, B, CT, OLA, ER, and VIR are widely used in pig production.
Therefore, the effects of these antibiotic combinations on the abundance and diversity In the present study, the large majority of sequences were classified as either
Firmicutes or Bacteroidetes, which are in agreement with several other studies (Holman and Chenier 2014; Looft et al. 2014b; Looft et al. 2012) . Similarly, previous studies showed that Prevotella was the most abundant genus (Holman and Chenier 2014; Looft et al. 2014a) , which is in agreement with our study. In our present study, the relative abundance of the phylum Bacteroidetes was increased in the COE and COV groups, and the genus Prevotella, which belongs to the phylum Bacteroidetes (Leser et al. 2002) ,was increased in the COE and COV groups. Our results showed that CTC combination with OLA and ER, or CTC combination with OLA and VIR, increased the relative abundance of the genus Prevotella. Interestingly, Ley et al. (2006) found that the relative proportion of the phylum Bacteroidetes was decreased in the obese people, which suggest that Bacteroidetes is connected with growth performance. But in our present study, the increase of Bacteroidetes did not increase the growth performance of pigs (Results not presented).
In the present study, the microbial genomic DNA extraction was performed using a bead-beating and CTAB method, which was used by the previous studies (Li et al.
2016
; Simpson et al. 1999; Wang et al. 2007 ). But the DNA-isolation protocol of samples influences the distribution of fecal microbes (Knudsen et al. 2016) , which D r a f t 15 means that some phyla may be underrepresented simply due to bias of the isolation protocol.
Conclusions
Understanding the mechanism of how AGPs regulate gut microbiota of animals will aid in the research and development of alternatives to antibiotics. In the present study, the effects of subtherapeutic antibiotic combinations on the relative abundance and diversity of fecal microorganisms were complicated. At the phylum level, the relative abundance of Firmicutes, Bacteroidetes, and Proteobacteria has differences Rettedal, E., Vilain, S., Lindblom, S., Lehnert, K., Scofield, C., George, S., Clay, S., Kaushik, R.S., Principal components (PCs) 1 and 2 explained 43.3% and 15.6% of the variance, respectively. CT: Control group; CTC: Chlortetracycline; BC: bacitracin zinc and colistin sulphate; CBC: chlortetracycline, bacitracin zinc and colistin sulphate; CO: chlortetracycline and olaquindox; CS: chlortetracycline and Macleaya cordata extracts; COE: chlortetracycline, olaquindox and enramycin; COV: chlortetracycline, olaquindox and virginiamycin. 
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